Clones of thioguanine resistant K-BALB mouse cells were isolated which were inducible for endogenous type C virus synthesis by cycloheximide and dexamethasone, but not 5-iododeoxyuridine. A comparison of the number of foci formed on NRK and SC-I cells suggested that the xenotropic virus was suppressed. The variants were not defective in the incorporation of thymidine or iododeoxyuridine or deficient in thymidine kinase, but were deficient in hypoxanthine-guanine phosphoribosyltransferase and the incorporation of hypoxanthine into nucleic acid. Because these cells are blocked at some point in the expression of endogenous virus, they may prove useful in establishing the steps involved in chemical activation of virus synthesis.
INTRODUCTION
BALB/c mouse cells contain the genetic information for the expression of three endogenous type C RNA tumour viruses (Aaronson & Stephenson, 1975) . Activation of virus synthesis can be brought about by treatment of the cells with specific chemicals. Two of these viruses, BALB: viruses I and z are induced by the halogenated pyrimidines, bromodeoxyuridine (BrdUrd) and iododeoxyuridine (IdUrd), while only BALB: virus z is induced by inhibitors of protein synthesis such as cycloheximide and puromycin (Aaronson & Stephenson, 1973; Aaronson & Dunn, I974b) . The expression of chemically-induced viruses can be altered by hormones (Dunn, Aaronson & Stephenson, 1975) , host cell genetic factors (Stephenson, Crow & Aaronson, 1974) , factors related to the cell cycle (Greenberger & Aaronson, 1975) , and the presence of other endogenous viruses (Stephenson, Crow & Aaronson, 1974) .
Halogenated pyrimidines are known to affect a number of biological systems. BrdUrd has been shown to increase greatly the mutagenic rate in mammalian cells by substitution for deoxythymidine in DNA (Brockman & Anderson, I963; Hitchings & Elion, 1967) . This analogue also affects the differentiation of melanoma and neuroblastoma cells in culture (Schubert & Jacob, 197o; Silagi & Bruce, 197o) , reduces the synthesis of specific enzymes in hepatoma cells (Stellwagen & Tomkins, 1971) , decreases the activities of DNA polymerase and uridine kinase in HeLa cells (Kim et al. 1967) , and brings about the activation of the repressed Epstein-Barr virus in human lymphoblastoid cells (Hampar et al. 1973) . In most cases the mechanism of action is poorly understood.
In the present report we describe the isolation and characterization of non-producer BALB/c mouse cells selected in culture for resistance to the purine analogue, 6-thioguanine.
Various clones of resistant cells show activation of virus synthesis by cycloheximide, but no induction with iododeoxyuridine. The properties of these cells and their usefulness toward an understanding of virus induction by halogenated pyrimidines are described.
METHODS
Cells and media. The K-BALB cell line is a Kirsten sarcoma virus (Ki-SV) non-productively transformed BALB/c mouse cell originally cloned and obtained from Dr S. A. Aaronson. Cells were grown in Eagle's minimal essential medium (MEM) with lO% foetal calf serum, IOO International units/ml penicillin and IOO #g/ml streptomycin (IO ~o MEM). Cell cultures were routinely monitored and found to be free of mycoplasma contamination (R. Del Giudice, FCRC). K-BALB and thioguanine (tg)-resistant K-BALB cells were cloned twice by dilution plating in IO % MEM. Generation times were measured by duplicate plating of I x Io 5 cells in 6 cm dishes, and counting the increase in cell numbers daily. Media were regularly changed three times per week.
Assays for virus induction. The assay for focus forming virus has been described previously (Aaronson & Dunn, I974a) . Cells were grown to confluence, and two days after the last medium change 2 x lO 5 cells were plated on to 6 cm dishes. The following day the cells were induced by replacing the medium with IO % MEM, containing either 30/~g/ml IdUrd or 25 #g/ml cycloheximide and o.I #g/ml dexamethasone. After 16 h the cells were washed and treated with IO % MEM containing 20 #g/ml mitomycin C for I h. After washing, the mitomycin C treated cells were trypsinized and plated in duplicate on to NRK monolayers that had been plated the previous day in IO % MEM containing 2/*g/ml polybrene. Foci were counted 7 to IO days later. Cells that were not induced formed o to 2 loci/3 × IO ~ cells; induction of 3 or 4 loci/3 x lO 4 cells was considered marginal, and the formation of 5 or more foci/3 × IO 4 cells was considered inducible.
Isotope incorporation into DNA. For incorporation of radioactive thymidine or hypoxanthine, I × lO 6 exponentially growing cells were plated in IO cm dishes, grown for I day, and incubated with IO ml of serum-free media containing 2 #Ci/ml of the radioactive precursor for I h. For incorporation of IdUrd, exponentially growing cells were plated at 4 × Io 5 cells per 6 cm dish and incubated the next day in 3 ml of IO% MEM containing 5/~Ci/ml radioactive IdUrd and 30/~g/ml non-radioactive IdUrd for 16 h. These conditions were chosen to correspond to those employed in the standard virus induction. At the end of the incubation period, the cells were scraped into the medium and placed in a centrifuge tube. Serum-free medium was used to rinse the remaining cells from the dish and the rinse was added to the centrifuge tube. The cells were centrifuged at 250o rev/min for 15 min and frozen for future counting.
To determine the radioactivity incorporated into DNA, the cell pellets were thawed, re-suspended in I ml of phosphate buffered saline, sonicated for IO s, and centrifuged at 3500 rev/min for 30 rain to remove cell debris. An equal volume of Io ~o cold TCA was added to the supernatant solution. After 15 rain the precipitate was collected on a glass fibre filter, washed twice with 5 % TCA and once with propan-2-ol. The filters were dried and counted in a toluene liquifluor scintillation fluid.
Enzyme activities. Cell extracts were prepared from exponentially growing cells which were washed twice with phosphate buffered saline, scraped into a small volume of phosphate buffered saline, and washed by centrifugation (IO min at IOOO rev/min). The cells were pelleted and frozen at -7o °C until analysis. On the day of analysis, the pellet was thawed, suspended in i ml of H20, and carried through two cycles of rapid freezing and thawing. After the final thawing the extract was made 25 mM in tris, pH 7"4, 5 mM in MgC12, and IO mM in pyrophosphate (PRPP) by adding o'5 M-tris, 1 M-MgC12, and IOO mM-K2PRPP, respectively. Enzymic assays for hypoxanthine-guanine phosphoribosyltransferase and thymidine kinase were performed as previously described (Long et al. 1973 )-Radioehemicals. Methyl-3H-thymidine (6. 7 Ci/mmol), 3H(G)-hypoxanthine monohydrochloride (7.8 Ci/mmol) and l~5I-5-iododeoxyuridine ( > 2oo Ci/mmol) were purchased from New England Nuclear (Boston, Mass.). 6-3H-5 iododeoxyuridine (1. 9 Ci/mmol) was purchased from Amersham/Searle Corporation (Arlington Heights, Illinois).
RESULTS

Chemical activation of virus in thioguanine resistant clones
Hypoxanthine-guanine phosphoribosyltransferase (HGPRT)-deficient variants of the K-BALB cell line were prepared by serial culture in the presence of 6-thioguanine. After three to four months of continuous culture, several colonies were isolated which grew in 50/zg/ml of the drug. Each of these was cloned twice and twenty different clones (tg clones) examined for the present studies.
Each clone was tested individually for induction of endogenous virus with 5-iododeoxyuridine (IdUrd) and cycloheximide. In these experiments replicate cultures were induced in parallel with each chemical. Surprisingly, the level of inducible virus was markedly reduced (Fig. 0-This was most apparent when IdUrd was the inducer; only three clones produced foci above the spontaneous background level (clones Io7, Iio and 12o) and two of these were marginal (clone I Io and ILO). One clone, tg 97, has been treated with IdUrd a total of ten times and has never produced loci above the spontaneous level. In contrast, cycloheximide induced virus from fourteen of the twenty clones and marginally from two others (I o6 and 122). Clones I I z, I 13, 116 and I a I all gave levels of induction comparable to the spontaneous level. Of the clones induced by cycloheximide, only tg Io7 approached the induction level obtained with the parental K-BALB cell line. Chemically induced virus from parental K-BALB thioguanine resistant cells was examined on NRKand SC-I monolayers to determine which endogenous virus was suppressed. Previously it has been well documented that protein synthesis inhibitors specifically activate xenotropic virus from K-BALB cells, while halogenated pyrimidines activate both X-tropic and N-tropic viruses (Aaronson & Dunn, I974b) . Parental K-BALB cells treated with cycloheximide produced high numbers of foci on NRK cells which preferentially grow xenotropic virus and a reduced number on SC-I cells which grow both X-and N-tropic viruses (Table I ). The thioguanine resistant cells produced more foci on NRK than on SC-I cells when treated with cycloheximide. In contrast to the parental cells, thioguanine resistant cells induced with IdUrd gave fewer foci on NRK than on SC-I cells. These results show that the xenotropic virus is present in all clones examined, with the exception of tg 113. Secondly, it points out that the defect in IdUrd activation is the result of a deficiency in this drug's action upon the endogenous xenotropic and probably not on the N-tropic virus. Since the thioguanine resistant cells can be induced to produce foci on either NRK or SC-I cells, each clone has the Ki-SV genome.
Characterization of thioguanine resistant clones
The morphologies of the twenty thioguanine resistant clones are quite different (Fig. 2) . Cells such as tg 113 are spindle shaped and closely resemble the parental K-BALB cells, while tg 97, tg I 1 I, and tg 1 I2 are much larger and more rounded. Similarly, the degree of contact inhibition varies. Although most clones appear more contact inhibited than the parental cells, some clones such as tg 1 I3 show little, if any, contact inhibition. On a quantitative basis the saturation densities of the clones correlate well with the subjective classification of contact inhibition. For example, tg 97, one of the more contact inhibited clones, had a saturation density of 2. 3 x io ° cells/6 cm dish, while tg 1 I3 and K-BALB attained saturation at densities of 7.8 and 8"3 x io 6 cells/6 cm dish, respectively. These differences, however, are not large and represent no more than a difference of one cell doubling. All of the clones had similar growth rates, except tg I I6 which grows at about half the rate of parental K-BALB cells. Since all the clones examined are poorly inducible by IdUrd, differences in spindle-shaped versus flat morphologies or contact and non-contact inhibited growth patterns would not seem to be related to the non-inducible character.
Most thioguanine resistant mammalian cells that have been isolated are deficient in
Non-inducible K-BALB cells 423 hypoxanthine-guanine phosphoribosyltransferase and as a consequence are killed in hypoxanthine-aminopterin-thymidine (HAT) selective medium. The twenty thioguanine resistant clones were tested for growth in HAT medium and all were killed. To confirm that this was due to a deficiency in HGPRT, enzyme assays were carried out on cell extracts from each clone ( Table 2) . As expected, the specific activity of HGPRT was reduced by more than 97 % in each clone compared to the wild type K-BALB extract. It is known that halogenated DNA pyrimidines are readily incorporated into DNA in mammalian cells in culture (Brockman & Anderson, :963; Hitchings & Elion, I967) and that incorporation is required for induction of xenotropic virus (Teich et al. I973). To determine if some essential metabolic step for IdUrd incorporation into DNA had been altered and was responsible for the non-inducible state, several biochemical functions were examined. Table 2 gives the results of thymidine kinase activities and of incorporation of hypoxanthine, thymidine, and IdUrd by K-BALB parental and thioguanine-resistant clones. The specific activity of the thymidine kinase in K-BALB and drug resistant cells was measured and the differences found were not large, with the exception of clones 96, 97, :2o and :2I. The results of isotope incorporation clearly show that thymidine and IdUrd incorporation occur at about the level of wild type cells. Clones Io7, HL and I23, have reduced levels of thymidine but not IdUrd incorporation. The results of the thymidine kinase assays, thymidine and aH-IdUrd uptake taken together do not show a consistent pattern that would account for the general non-inducible nature of the thioguanine-resistant clones. On the other hand, the incorporation of hypoxanthine was not detectable in the tg clones, a finding consistent with the low levels of HGPRT.
Recently, it has been shown that aH-IdUrd can be converted to SH-TTP and in this way could give false incorporation values (Wataya & Santi, :975 the incorporation ofl25I-IdUrd and 3H-thymidine was measured and compared in K-BALB and several tg-resistant clones (Table 3 )-The relative incorporation of the two isotopes agreed closely in individual clones and no large differences were observed between the resistant clones and the K-BALB cells.
To determine if external infection could rescue the Ki-SV genome, the clones were directly infected with Rauscher murine leukaemia virus (RLV) and assayed for focus forming virus on N R K monolayers. The clones were infected with io ° and Io -1 dilutions of stock RLV 005 infectious units by XC test) and after Io days the media were used to infect N R K monolayers. Foci were scored after T 4 days. Media from the infected cells produced foci on N R K (data not shown). All of the clones are therefore capable of replicating and producing infectious virus, and carry the defective Ki-SV genome.
Although an infectious virus particle is not produced upon induction with IdUrd, preliminary evidence was obtained that at least some virus proteins are made. Using an anti- serum against whole ether-disrupted RLV, four of the resistant clones (97, 98, II2, II6) were tested and each gave a positive result by a complement fixation test as did the parental K-BALB cells following induction with IdUrd. It is interesting that in AKR mouse cells, IdUrd treatment induces 5 % of the cells to produce infectious virus, whereas 75 % of the cells produce gs antigen (Rowe, I973) .
Chemical activation of virus in cloned K-BALB cells
Using uncloned K-BALB cells, the highest level of virus induction by IdUrd was about 0"3 % of the total induced population. Studies by others (Greenberger & Aaronson, I975) have shown that when these cells are partially synchronized by limiting the growth medium, the induction level can be as high as Io %. Therefore, most of the cells are either not in the proper physiological state, do not contain the sarcoma genome, or for other reasons, cannot be induced.
To examine this problem more carefully, seventeen clones were isolated from the parental K-BALB cells and assayed for virus induction on NRK monolayers by IdUrd and cycloheximide (Fig. 3) . The results show that the uncloned K-BALB cells are very heterogeneous with respect to virus induction and also morphology (Fig. 4) -As in the case of thioguanine resistant clones, there is no correlation of inducibility with cell morphology. Clones I o and 1 I show high inducibility with either IdUrd or cycloheximide, but clone Io was more contact inhibited than clone I t. Similarly, clones 9 and 17 show low inducibility, yet clone I7 was more contact inhibited than clone 9. Unlike the thioguanine resistant clones, all but three of the seventeen K-BALB clones were clearly inducible with IdUrd. Treatment of clone I8 with IdUrd did not induce virus above the spontaneous level, and induction of clones 3 and I4 by IdUrd was marginal. All of the clones induced with cycloheximide produced foci on NRK cells indicating that they contain the Ki-SV genome.
DISCUSSION
Thioguanine resistant K-BALB mouse cells have been isolated from which endogenous xenotropic virus cannot be induced by treatment with IdUrd. The majority of the clones, however, can produce virus following treatment with cycloheximide. These variants provide another tool that can be used to study the mechanism of activation of endogenous type C viruses.
The thioguanine resistant cells could be resistant to induction by IdUrd only, or since cycloheximide was a stronger inducer than IdUrd, the resistant cells could have a reduced susceptibility to induction by either cycloheximide or IdUrd. Several tests were carried out to determine the nature of the defect. The twenty thioguanine resistant clones and the parental K-BALB cells incorporated 3H-thymidine, 3H-IdUrd and 125I-IdUrd into nucleic acid to a similar extent. Further, none of the clones showed greatly reduced thymidine kinase activity which might account for the lack of induction. These results show that IdUrd is incorporated into DNA, an event that must occur for induction of virus by IdUrd (Teich et al. I973) . However, there is evidence that BrdUrd is preferentially incorporated into the intermediate repetitive DNA of rat cells during the S phase of the cell cycle (Schwartz, Panem & Kirsten, I975), and such a mechanism of selective IdUrd incorporation into a small segment of DNA cannot be excluded.
It has been shown that clonal lines of spontaneously transferred BALB/c 3T3 cells can release endogenous virus under conditions where non-transformed cells do not (Todaro, I972; Lieber & Todaro, I973) . Further, it has been shown that tumorigenicity of mouse embryo cell lines could be selected for or against by varying conditions to maximize or minimize cell-cell contact (Aaronson & Todaro, 1968 ) . This might suggest that the morphology or degree of contact inhibition might affect the inducibility of the cells. However, although the thioguanine resistant clones differed dramatically in morphology and varied in the degree of contact inhibition, none were induced by IdUrd to any appreciable extent. Similarly, there was no correlation between either morphology or growth density and the ability of cloned parental K-BALB cells to release virus upon treatment with IdUrd or cycloheximide. These results support the finding that there was no correlation between the morphology of K-BALB mutants and their tumorigenicity (Hatanaka et al. 1973) .
As expected from studies of thioguanine resistance in other cell systems (Miller et ak 1970 , all of the thioguanine resistant clones were deficient in hypoxanthine phosphoribosyltransferase and as a result showed no appreciable incorporation of 3H-hypoxanthine into nucleic acid. This result follows from observations that metabolism of thioguanine occurs via HGPRT and is necessary for cytotoxicity (Nelson et al. I975) .
Other reports have appeared describing related phenomena. Yoshikura 0975) has reported a more than loo-fold variation in the inducibility by IdUrd of endogenous virus from several mouse lung clones, yet the incorporation of ~25I-IdUrd into nucleic acid was the same in these clones. This finding and the data reported for thioguanine resistant K-BALB variants suggest that the biochemical event which accounts for the observed variation occurs after IdUrd incorporation into DNA. The suppression of the avian sarcoma genome in hamster cells during selection for cells resistant to another purine analogue, 8-azaguanine, has also been reported (Hladkfi & Altaner, I974) . In this system the suppression was not overcome by induction with IdUrd (Hladkfi & Altaner, 1976) . These findings and those reported here suggest a relationship between resistance to those analogues which select for cells with a deficiency in hypoxanthine-guanine phosphoribosyltransferase and a reduced ability of IdUrd to induce endogenous virus. Preliminary results with selected clones for the presence of virus proteins following induction indicate that expression of some virus information takes place following IdUrd treatment. This would suggest that there is not a complete transcriptional block of virus RNA synthesis, and that a posttranslational defect may occur. Further study of selected variants for virus-specific RNA and specific virus gene products could provide insight into discrete induction stages occurring during IdUrd treatment and may indicate why some mammalian cells are refractory to induction of endogenous viruses. This work was supported by Contract NO1-CO-25423 with the National Cancer Institute of the National Institutes of Health, Bethesda, Maryland 2ooi 4. We thank Linda Aksamit for expert technical assistance.
